Dentin sialophosphoprotein (DSPP) is a major secretory product of odontoblasts, and is critical for proper dentin formation. DSPP is believed to be processed into only two structural/functional domains: dentin sialoprotein (DSP) and dentin phosphoprotein (DPP). Here we report the isolation and characterization of a third domain of DSPP, designated dentin glycoprotein (DGP).
INTRODUCTION
Knowing the identities and structures of the critical components in the dentin extracellular matrix is a prerequisite to understanding the molecular mechanisms of dentinogenesis. The importance of major constituents of the dentin extracellular matrix is evident from the conspicuous dental anomalies that occur when the genes encoding these molecules are damaged by mutations. Type I collagen is the predominant protein in dentin and comprises about 90% of the organic matrix (1) . Osteogenesis imperfecta (OI) is an autosomal dominant disorder that results from mutations in the genes that encode either chain of type I collagen (COL1A1, 17q22 and COL1A2, 7q22).
Defective dentin formation is commonly a part of the OI phenotype (2) . In rare cases, dentin defects can be the most obvious manifestation (3) . Inherited dental malformations associated with OI have also been classified as dentinogenesis imperfecta (DGI) type I (4).
The major non-collagenous proteins of dentin are dentin sialoprotein (DSP) (5) and dentin phosphoprotein (DPP) (6, 7) , which are the N-terminal and C-terminal proteolytic cleavage products, respectively, of dentin sialophosphoprotein (DSPP) (8, 9) . Eight different mutations causing DGI type II have been reported in the gene encoding dentin sialophosphoprotein (DSPP; 4q21) (10) (11) (12) (13) , and one of these mutations manifests itself as DGI type III in some cases (14) . A DSPP mutation has also been shown to cause type I dentin dysplasia (DD) (15) . At the present time no disease-causing mutations outside of DSPP have been identified in kindreds exhibiting isolated inherited defects of tooth dentin, and it is possible that DSPP plays a role in the etiologies of all these diseases. If so, it may be an indication of the multifunctional nature of the DSPP protein that mutations in the gene encoding it lead to such a wide variety of dentin phenotypes that classification systems devised before knowledge of genetic etiology divided them into as many as four different diseases. There may be yet another link between DSPP and inherited malformations of dentin. Recently it has been proposed that the dental manifestations in X-linked hypophosphatemia (XLH), a condition caused by mutations in a gene encoding a membrane bound matrix metalloproteinase (PHEX; Xp22), may be due (in part) to a failure to process DSPP into smaller functional domains (16) . Uncleaved DSPP protein has never been detected in tooth dentin and proteolytic processing is thought to be necessary to divide the protein into its constituent parts, which may serve different functions. These constituents appear to have radically different structures and potentially different functions (17) . Dentin sialoprotein is a proteoglycan (18) , while DPP is reportedly unglycosylated (16) .
During tooth formation DSPP is expressed by odontoblasts and preameloblasts (19) , and its translation products accumulate in the dentin matrix. Despite being synthesized and secreted in stoichiometric amounts, DPP is said to comprise over 50% of all the noncollagenous protein in rat dentin, while DSP is only 5-8% (20, 21) . This result however, has never been demonstrated experimentally, and at least part of the discrepancy may be due to the ease with which DPP can be detected and isolated relative to DSP (18) . The region of the DSPP protein between the DSP and DPP has been assumed to be a linker region which is probably degraded. In this report, we prove that in pig, this is not the case. This region of the DSPP protein is a stable and relatively abundant dentin matrix protein with significant posttranslational modifications and an amino acid sequence that has been conserved during mammalian evolution. We propose that this protein be designated dentin glycoprotein (DGP) and that DGP is likely to play an important role in dentin biomineralization.
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15% tris-glycine gel and the degradation pattern was confirmed by both Coomassie Brilliant Blue and stains-all staining.
Preparation of Pyridylamino(PA)-Oligosaccharides--N-linked oligosaccharides were enzymatically released from DGP by glycopeptidase A digestion and fluorescence labeled with 2-aminopyridine as previously described (22) . The PA-oligosaccharides were applied to a Sephadex G-15 (1.5 x 35 cm, Amersham Biosciences Corp., Piscataway, NJ, USA) column equilibrated with 10 mM ammonium acetate buffer (pH 6.0), and was eluted with the same buffer. The effluent was continuously monitored by a fluorescence monitor (FP-2020, JASCO, Tokyo, Japan) using an excitation wavelength of 315 nm and an emission wavelength of 400 nm.
Purification of PA-Oligosaccharides--The PA-oligosaccharides were fractionated by RP-HPLC using a Beckman System Gold HPLC system equipped with a Shim-pack CLC-ODS column (0.6 x 15 cm, Shimadzu, Kyoto, Jpn). The column was equilibrated with 0.1 M acetic acid at a flow rate of 1.5 ml/min at 25 °C. For the detection of PA-oligosaccharides, an excitation wavelength of 315 nm and an emission wavelength of 400 nm were used. Each of the peak fractions was collected and evaporated. The purified PA-oligosaccharide samples were stored at -20 °C. The sialidase Au digestions (approximately 1500 pmol each) of the purified PA-oligosaccharides were carried out using 0.01 U of the enzyme in 18 µl of 50 mM sodium phosphate buffer (pH 6.0) at 37°C for 1 h. The digests were heated at 100 °C for 2 minutes and evaporated to dryness, and stored at -80 °C. Aliquots (approximately 600 pmol) of sialidase Au digests were incubated at 37 °C for 1 h with 1 mU of α1-6 or 0.5 mU of α1-3,4 fucosidase in 19 µl of 50 mM sodium phosphate buffer (pH 5.0). The reaction mixture was boiled at 100 °C for 2 min and centrifuged for 5 minutes at 10,000 rpm. Then, 6 mU of ß1-4 or 0.1 U of ß1-3,6 galactosidase was added to the supernatant and incubated at 37 °C for 1 h. The reactions were stopped as described above.
Analysis of Carbohydrate
The ß-galactosidase digests were further incubated with glucosaminidase. The enzyme (80 mU) was added to the supernatant and incubated at 37 °C for 12 h. The reaction was stopped as described above.
At the end of the exoglycosidase digestions, an aliquot of each digest was analyzed by reversed and normal phase HPLC. RP-HPLC was performed using a Beckman System Gold HPLC system equipped with a Shim-pack CLC-ODS column (0.6 x 15 cm, Shimadzu, Kyoto, Jpn.) The column was equilibrated with 10 mM sodium phosphate buffer (pH 3.8) and was eluted with a linear 1-butanol gradient (20-50%) in 10 mM sodium phosphate buffer (pH 3.8) at a flow rate of 1.0 ml/min at room temperature. Normal phase HPLC (NP-HPLC) was performed using the same system with a TSK-gel Amide-80 column (0.46 x 25 cm, TOSOH, Tokyo, Jpn.). Elution was performed at a flow rate of 1.0 ml/minute at the room temperature using two solvents, A and B. Solvent A was composed of 3% acetic acid in water with triethylamine (pH 7.3) and acetonitrile, 35:65 by volume. Solvent B was composed of 3% acetic acid in water with triethylamine (pH 7.3) and acetonitrile, 50:50 by volume. The column was equilibrated with solvent A. After injection of a sample, the ratio of solvent B to A was increased with a linear gradient to 100% of solvent B in 50 minutes. In both HPLC systems, the PA-oligosaccharides were detected by fluorescence using excitation and emission wavelength of 320 and 400 nm for 
RESULTS

Isolation and identification of DGP--Dentin glycoprotein (DGP) was discovered during efforts to
identify and characterize stains-all positive proteins (SAPPs) in tooth dentin. Proteins were removed from the dentin-side developing pig teeth by sequential guanidine (G extract) and guanidine/EDTA (E extract) extractions (28). The E extract was fractionated by anion exchange chromatography using a Q-sepharose column. Most of the SAPPs were found in the third peak (Q3; Fig. 1a,1b) . Q3 was separated into three fractions using a hydroxyapatite (HA) column (HA2; Fig. 1c,1d ). After removing immunoglobulins using a protein G column, HA2 was fractionated into four parts by size exclusion chromatography. Two major SAPPs (19 and 36 kDa) eluted in the third fraction (S3; Fig. 1e,1f) . Finally, the S3 components were divided into 8 fractions by RP-HPLC ( 
DGP is derived from DSPP and has 5 modified amino acids--DGP was digested by
endoproteinase lysine C; the cleavage products were resolved into ten components by RP-HPLC (Fig. 3a) . The results of Edman degradation and mass spectrometric analyses of the ten DGPderived peptides are presented in Table 1 (Fig. 4a) . The porcine 32 kDa enamelin, which has three N-linked oligosaccharides, was used a positive control (22, 32) . Figure   4b shows the elution profile of PA-oligosaccharides that were liberated from DGP by glycopeptidase A digestion and reductively aminated with 2-aminopyridine. The PAoligosaccharides resolved into five peaks, designated A-E, by RP-HPLC using a Shim-pack 
Identification of the Biantennary Sialo-Oligosaccharides C, D and E--To determine the location
of the terminal sialic acids on the biantennary oligosaccharides of porcine DGP, PAoligosaccharide C, de-fucosylated PA-oligosaccharides D and E, and commercially-available defucosylated biantennary PA-α2-6 monosialo-and disialo-oligosaccharide standards were passed over a Shim-pack CLC-ODS RP-HPLC column, and their elution profiles compared (Fig. 8a) . Table 2 ). The intensity of the mass spectrum peaks suggested that the monosialidated forms of the core oligosaccharides A and B are the predominant forms attached to the native protein.
DISCUSSION
We have isolated a 19 kDa stains-all positive protein from the guanidine/EDTA extract of porcine dentin and determined its complete primary structure, inclusive of posttranslational modifications. Porcine DGP has 81 amino acids, with an equal number (12 each) of negatively charged (Asp + Glu), as positively charged (Arg + Lys) residues. Its most abundant amino acids are glycine (13) and serine (12) . In the absence of posttranslational modifications, DGP has a calculated isoelectric point of 6.7. DGP has a single N-linked glycosylation, which usually contains one or two sialic acids. Four of the serine residues are phosphorylated, modifications which increase the protein's affinity for hydroxyapatite. Thus DGP is made acidic by its posttranslational modifications, which presumably mediate its binding to dentin crystals, and prevent it from being extracted from the mineralized dentin matrix with guanidine alone.
The original E extract of pig dentin only showed a strong SAPP band at ~100 kDa (Fig. 1b lane   Q3 ), which is dentin phosphoprotein (data not shown). This fraction, however, contains many other dentin proteins that cannot be detected with stains-all or CBB at this concentration, but can be detected when more sample is applied to the lane. DPP, DSP and DGP are all in fraction Q3 (18) . When Q3 is divided into three fractions by hydroxyapatite affinity chromatography, DSP and DGP sort into fraction 2 ( Fig. 1d lane HA2) , while DPP is the principle component of fraction HA3. Based upon the chromatogram (Fig. 1c) , there is more protein in HA2 than in HA3. Stains-all staining gives the opposite impression (Fig 1d) . Stains-all is a cationic carbocyanine dye that stains Ca Dentin glycoprotein has a unique amino acid sequence and does not share significant amino acid identity with any known proteins, except for the homologous regions of other DSPP sequences.
Pig DGP shares 81% amino acid identity with human DGP, and all five of the modified amino acids are conserved (Fig. 10) . The rodent DGP sequences are less homologous, showing just under 50% identity with pig DGP. The four phosphorylated serines are conserved, but the Nlinked glycosylation site is not. However, in the aligned rodent sequences there is a potential Nlinked glycosylation site only three amino acids upstream from the modified asparagine in pig DGP (Fig. 10) . The C-terminal region of twenty amino acids contains the four phosphoserines and is exceptionally well conserved, with 70% of the amino acids identical in the four known DGP sequences. Although a function for pig DGP cannot be deduced from its primary structure or by comparing it to its better studied homologues, the conservation of DGP's length and posttranslational modifications suggest that DGP serves some function that will only be deduced after further study. Its primary sequence conservation with DSPP homologues, its extensive posttranslational modifications, and its ability to accumulate in pig dentin is not consistent with the previous interpretation that the region between DSP and DPP is a loosely structured linker region that is susceptible to proteolysis. Evidence for DGP serving a special function during odontogenesis, however, is not yet supported by the genetic studies, as all of the reported disease-causing mutations in DSPP localize to the 5' end of the gene, with the most 3' mutation being in codon 68 (DGP starts at amino acid Ser Most of the studies of DSPP-derived proteins were performed in rat, and the question arises as to why DGP wasn't identified in previous analyses of rat dentin. Unfortunately, a DNA sequencing error may have established a perception that there could be no important functional component between DSP and DPP in the rat DSPP chimera. In the landmark papers that reported the first DSP (5) and DPP (7) cDNA sequences, the coding region for rat DGP was reported as the 3' noncoding region for DSP and 5' noncoding region and leader sequence for DPP. Then a subsequent study, which analyzed rat DSP tryptic digests, concluded that most of what we have identified in pig as the DGP protein can be found on the rat DSP C-terminus (20) . However, this study characterized only some of the rat DSP tryptic products, making it possible that the major rat DSP C-terminus was missed among the peptides not isolated. We identified Arg 391 as the Cterminal amino acid of pig DSP (18) , which is in a region passed over in the rat study. Furthermore, the "major" rat DSP C-terminal fragment (after Tyr 438 ) gave a poor Edman sequence (Edman: IGS--N-DGH; actual: IGSSSNSDGHDSY) and a mass spec value of 1325.5
Daltons. This mass shows this putative rat DSP C-terminal peptide was not phosphorylated--even though it contains four highly conserved serine residues (underlined) that are in the appropriate context for phosphorylation and correspond to serines that are phosphorylated in pig DGP. Studies of rat do not exclude DGP is being an important component in the dentin matrix, even in rodents.
We believe it is premature to conclude that there are major differences in the way DSPP is phosphorylated and processed by proteases in different organisms. More structural and functional studies are needed before we understand how DSPP is processed into smaller structural/functional domains and how these components function during normal and pathological dentin formation. In the pig, it is apparent that DGP is a prominent constituent of the dentin matrix. Its conserved sequence and extensive posttranslational modifications suggest that this middle portion of the DGP chimera should be regarded as a potentially important participant in the process of dentin biomineralization. 
